Top-down spatial attention is effective at selecting a target sound from a mixture. 19 However, non-spatial features often distinguish sources in addition to location. This study 20 explores whether redundant non-spatial features are used to maintain selective auditory 21 attention for a spatially defined target. We recorded electroencephalography (EEG) while 22 subjects focused attention on one of three simultaneous melodies. In one experiment, 23 subjects (n = 17) were given an auditory cue indicating both the location and pitch of the 24 target melody. In a second experiment (n = 17 subjects), the cue only indicated target 25 location, and we compared two conditions: one in which the pitch separation of competing 26 melodies was large, and one in which this separation was small. In both experiments, 27 responses evoked by onsets of events in sound streams were modulated equally as strong by 28 attention, suggesting that the target stimuli were correctly selected regardless of the cue or 29 pitch information available. In all cases, parietal alpha was lateralized following the cue, 30 but prior to melody onset, indicating that subjects always initially focused attention in 31 space. During the stimulus presentation, however, this lateralization weakened when pitch 32 cues were strong, suggesting that strong pitch cues reduced reliance on sustained spatial 33 attention. These results demonstrate that once a well-defined target stream at a known 34 location is selected, top-down spatial attention is unnecessary to filter out a segregated 35 competing stream. 36 NON-SPATIAL FEATURES REDUCE SPATIAL ATTENTION 3 Non-spatial features reduce the reliance on sustained spatial auditory attention 37
Introduction 38
Spatial features of an auditory object are often useful for focusing attention in noisy center melody always had fundamentals in the middle, 320-339 Hz range. As in experiment 142 1, high and low pitch ranges were randomly assigned to the left and right melodies. 143 The fundamental frequency of melodies in these pitch ranges depended on the 144 experimental block, which were one of two conditions: one in which the pitch separation of 145 competing melodies was large and one in which it was small (Fig. 1B) . In the large pitch 146 separation condition, the low pitch melodies had fundamentals in the 180-191 Hz range 147 while the high pitch melodies had fundamentals in the 600-636 Hz range, creating clearly 148 segregated streams. In the small pitch separation condition, fundamentals of low (285-302 149 Hz) and high (359-380 Hz) pitch ranges were shifted closer to that of the center melody. 150 The resulting sound mixture was thus more difficult to automatically segregate by pitch 151 alone. Large and small pitch separation blocks were grouped together in pairs, but the 152 order of conditions was random for each pair of blocks (e.g., Lg-Sm-Sm-Lg-Sm-Lg-Lg-Sm). 153 Trials were arranged in 16 blocks of 30, with each block containing 2/5 attend-left, 154 2/5 attend-right, and 1/5 passive trials. This resulted in 96 attend-left and attend-right 155 trials in each pitch separation condition, and 96 passive trials across all pitch separation 156 conditions. After the first 8 blocks, subjects were instructed to take a break before starting 157 the remaining set of 8 blocks. As in Experiment 1, subjects were required to pass a 158 training demo in which they had to identify the pitch contour of a single melody presented 159 alone. Two training blocks were given, one each for stimuli in the two pitch separation 160 conditions. Each block contained 15 trials (3 passive trials, 12 active attention trials), and 161 subjects had to answer correctly on 13 trials for each block to continue in the experiment. Experiment 1, and three subjects for Experiment 2), but produced data that had to be 168 discarded due to too many incorrect-response trials or too many trials with noisy EEG. An 169 audiogram was conducted for each subject to confirm that thresholds were below 20 dB HL 170 at octave frequencies from 250 Hz to 8 kHz. Some subjects recruited for Experiment 2 were 171 dismissed early from the study: one had audiometric thresholds above the required level, 172 two could not give a clean EEG signal, and six failed the training demo described above. 173 These subjects were compensated for their time, but did not have EEG recorded. All 174 subjects gave written informed consent prior to participation and were compensated at an 175 hourly rate ($25/hr for Experiment 1, $15/hr for Experiment 2) as well as with a bonus for 176 each correct response ($0.02 per response, up to $7.50 per hour). All procedures were 177 approved by the Boston University Institutional Review Board.
178
Subjects who participated in Experiment 1 also participated in an analogous visual 179 task-not described here-during the same experimental session. Of these subjects, 12 180 participated in the visual task after the auditory task was complete. The remaining 5 181 subjects completed the visual task blocks first. Subjects who participated in Experiment 2 182 were not exposed to any visual analog of the task. While it is possible that the subjects 183 who completed visual experiment before starting the auditory experiment were biased 184 towards using spatial features for selection, we found no evidence that alpha modulation 185 was statistically different between the subjects who completed the visual task first and 186 those who did not.
Data Collection

188
EEG data were recorded at a sampling rate of 2048 Hz using the BioSemi ActiveTwo 189 system and its ActiveView acquisition software (BioSemi, Amsterdam, Netherlands). A 190 64-channel cap with electrode positions arranged according to the international 10-20 191 system was used for measurement, along with two reference electrodes placed on the 192 mastoids. An additional three electrodes were placed around the eyes for electrooculogram 193 (EOG) measurement, which was used to detect eye blinks for later removal from the EEG 194 signal. Event triggers were driven by MATLAB software running the experimental task 195 and generated by Tucker-Davis Technologies System 3 (TDT, Alachua, FL) hardware that 196 interfaced with the computer recording EEG data. In Experiment 2, RME Fireface UXC 197 hardware was used instead of the TDT for trigger generation. An EyeLink Plus 1000 (SR 198 Research, Ottawa, Ontario, Canada) eye tracker was used in Experiment 2 to ensure 199 subjects did not close or move their eyes during the task. In Experiment 1, subjects were 200 instructed to fixate on a central fixation dot, but eye tracking was not recorded or 201 monitored during the experiment. Fz). This normalized channel average was then averaged across subjects in order to 228 estimate the N1 timings for each note onset. These times, selected based on the largest 229 negative value of the ERP in a window between 75 and 240 milliseconds following each 230 stimulus onset, were then used to estimate N1 amplitudes for each subject's 231 channel-averaged ERP. The ERP was averaged in a 50-ms window centered around each of 232 the selected time points to quantify N1 amplitude in response to each note. Each subject's 233 ERP was visually inspected to ensure that N1s were correctly identified.
234
Attentional modulation of the N1 was quantified for each subject using an attentional 235 modulation index, AMI N1 , given by Eq. 1.
Here, N1 attend is the N1 amplitude elicited by the onset of a particular note when it was 237 attended; N1 ignore is the N1 amplitude elicited by the same note when it was ignored. 
259
An attentional modulation index of alpha power, AMI α , was also calculated for each 260 subject. Calculation of AMI α is given by Eq. 2.
In Eq. 2, α ipsi is the average alpha power during the stimulus or cue period, measured 262 ipsilateral to the cued sequence, or rather contralateral to the ignored sequence; α contra is 263 this average alpha power, measured contralateral to the cued sequence. Large positive 264 values of AMI α indicate that alpha power was overall larger ipsilateral to cued stimuli (i.e., 265 the alpha response was larger over cortices processing ignored information). Averages were 266 calculated across left and right parietal and occipital channels separately, depending on the 267 attention condition (i.e., left channels for α ipsi in attend-left trials and right channels for 268 α ipsi in attend-right trials). These averages were then collapsed across attention conditions 269 and parietal sensors to quantify α ipsi and α contra . In both experiments, the N1 response was similarly modulated by 308 selective attention. In Experiment 1, N1 amplitudes were modulated by attention ( Fig.   309 3, top panel). When subjects were cued to attend the left melody, N1 amplitudes were more negative in response to left note onsets (blue vertical lines) when those notes were 311 attended (blue trace) than when they were ignored (attend-right trials, red trace).
312
Similarly, when subjects were cued to attend the right melody, the N1 was more negative 313 at right note onsets (red vertical lines) when those notes were attended than when they 314 were ignored. The same modulation of the N1 was observed in Experiment 2, both in the 315 large pitch separation condition (middle panel) and the small pitch separation condition 316 (bottom panel). This modulation was quantified using the attentional modulation index, 317 AMI N1 described above. In both experiments, AMI N1 was significantly greater than zero 318 (p < 0.001, t-test), indicating that the N1s from auditory cortex were always larger in 319 response to attended stimuli than ignored stimuli. AMI N1 was also compared between pitch 320 separation conditions in Experiment 2, but no significant difference in modulation was 321 found (p = 0.26, t-test). Thus, the degree of N1 modulation did not change significantly 322 based on the degree of pitch information available in this experiment, suggesting that 323 subjects selected target stimuli regardless of the available pitch cues. Figure 4B shows these differences collapsed across left and right 332 parietal sensors, so that alpha is represented as the difference between ipsilateral and 333 contralateral attention conditions. During the cue period, alpha power was greater when 334 attended stimuli were ipsilateral to a given parietal sensor than when attended stimuli were contralateral to that same sensor. This suggests that alpha increased contralateral to the 336 ignored location, supporting the idea that alpha reflects suppression of distractors.
337 Figure 4C shows attention modulation indices (AMI α ), which are based on the 338 ipsilateral/contralateral differences shown in Fig. 4B . In Experiment 1, alpha was 339 lateralized during the cue period (green bars), and this lateralization was significantly 340 greater than zero (p = 0.012, t-test). In experiment 2, AMI α was also measured during the 341 cue period, and was significantly greater than zero for both the large (light blue bars) and 342 small (dark blue bars) pitch separation conditions (p = 0.003 and p = 0.014, respectively, 343 t-test). When the Benjamini-Hochberg procedure was applied to control the false discovery Figure 4B shows these differences collapsed across parietal sensors. Here, we see that 364 there was not an overall difference in alpha lateralization between ipsilateral and 365 contralateral attention trials during the stimulus period in Experiment 1 or in the large 366 pitch separation condition of Experiment 2. In the small pitch separation condition, the 367 difference between alpha power in ipsilateral and contralateral attention trials was similar 368 to that observed during the cue period. These differences are represented as AMI α in Fig. 
369
4C. While AMI α was not significantly greater than zero in Experiment 1 (p = 0.06, t-test) 370 or in the large pitch separation condition (p = 0.12, t-test), it was significantly greater than 371 zero in the small pitch separation condition (p < 0.001, t-test). When Bonferroni criteria 372 were applied to correct for multiple comparisons, AMI α was still significantly greater than 373 zero in the small pitch separation condition of Experiment 2 (p < 0.0125). We also 374 determined that AMI α was significantly larger in the small pitch separation condition 375 compared to the large pitch separation condition (p = 0.01, paired t-test), and this 376 difference was still significant after correcting for multiple comparisons (p < 0.025,
377
Bonferroni).
378
AMI α was not correlated with performance measures. We asked whether the 379 differences in alpha modulation between large and small pitch separation conditions could 380 be explained by the performance differences described above. We therefore looked for 381 correlations between AMI α measures and percent correct scores. For alpha power, we performance was significantly worse than when melodies were in separate ranges, exactly as 398 in Experiment 1 here. This was likely due to difficulty segregating the competing streams.
399
The fact that we did not observe degraded N1 modulation in the small pitch separation 400 condition was likely due to the fact that competing melodies did not have overlapping pitch 401 ranges as in (Choi et al., 2014), but distinct ranges that were close together (∼1 semitone 402 difference). This design difference, and the fact that behavioral measures show that 403 subjects had performed well on the task in all conditions, suggests that subjects were able 404 to segregate and select targets regardless of the available pitch cues.
405
The fact that the N1 was modulated similarly does not mean that spatial features 406 were used in the same way to maintain attention across conditions. In fact, there are a 
448
Our results are consistent with these findings. We observed that alpha was lateralized 449 after subjects were given a spatial cue, and this lateralization pattern reflected the space 450 being ignored (i.e., alpha was greater ipsilateral to the attended location). The results from 451 Experiment 1 suggest that subjects at least initially oriented top-down attention using 452 known spatial features of the target even if they could depend solely on pitch information 453 to perform the task. In Experiment 2, subjects had to initially orient attention in space 454 due to the absence of pitch cues. Therefore, the observed alpha modulation during the cue 455 period in this experiment strengthens the argument that parietal alpha lateralization 456 reflects the use of spatial features to help focus attention. alpha lateralization occurred during the cue period in all conditions, which suggests that 475 spatial attention was initially directed using the known spatial features. During the 476 stimulus period, however, this lateralization was weak (i.e., not significantly greater than 477 zero) when strong pitch cues were available (i.e., Experiment 1 and the large pitch 478 separation condition of Experiment 2). In Experiment 2, we also observed that this 479 lateralization was significantly larger in the small pitch separation condition than in the 480 large pitch separation conditions. These results likely reflect the fact that, in addition to 481 space, pitch cues could also be used to differentiate target from distractor. Therefore, even 482 though subjects initially directed attention to the location of interest, once the auditory 483 object was selected, its pitch was used to maintain attention throughout the remainder of 484 the stream. When these pitch cues were weak, spatial features may have been necessary to 485 maintain attention, which is why we observed alpha lateralization throughout the small 486 pitch separation trials.
487
The degree of alpha lateralization doesn't explain performance. In 488 Experiment 2, we observed differences in performance between pitch separation conditions. 489 Therefore, it may be possible that the differences in alpha lateralization observed between 490 the two conditions are due to differences in ability to perform the task instead of 491 differences in pitch cue strength. However, we argue this is not the case for two reasons.
492
First, we removed all trials in which subjects responded incorrectly, so we assume the EEG 493 signal we observed was recorded when subjects successfully focused attention and not when they may have been struggling to do so. Second, if it were the case that alpha 495 lateralization was stronger because the small pitch separation condition was more difficult, 496 then we may expect some correlation of AMI α with performance measures-subjects who 497 are inherently worse at the task may require more suppression of distractors, which may 498 manifest in greater alpha lateralization. However, we observed no correlation of 499 performance measures with alpha modulation in either left or right parietal channels.
500
Furthermore, that a similar lateralization pattern was observed during the cue period for 501 both large and small pitch separation conditions despite the performance differences 502 suggests that alpha is indexing spatial focus of attention and not task difficulty.
503
One may still argue that the greater alpha lateralization observed during the stimulus 504 period was due to more effort being required in the small pitch separation condition, even 505 though performance measures were not correlated with lateralization measures. While this 506 may be true, we argue here that the increased effort required may be defined as the greater 507 need to orient and maintain attention in space since pitch cues are less informative.
508
Therefore, more effort here means more use of spatial attention, which is reflected by 509 stronger alpha lateralization. In the future, more efforts should be made to disentangle the 510 effects of task difficulty and spatial attention on parietal alpha power. predict where individuals intend to focus attention using correlates of spatial attention, we 544 have to know that spatial attention is being used in the first place. Our results suggests 545 that the degree of parietal alpha lateralization may reflect the degree to which spatial 546 features are used during attention, and so if an individual is attempting to orient attention For attend-left and attend-right trials, an auditory cue was presented via headphones with the same ITD as the target melody. For passive trials, a diamond appeared around a central fixation dot on screen. During the stimulus period, subjects kept their gaze on the fixation dot while melodies were presented diotically. A green circle appeared around the fixation dot to prompt a response, and visual feedback was given after button press to indicate if the target was correctly identified. B, Left (blue), right (red), and center (grey) melodies were composed of notes with different fundamental frequencies (F0). Note that in this example, left melodies had the highest fundamentals while right melodies had the lowest fundamentals, but the opposite also occurred with equal probability. The center melody always had the same F0s, which were between F0s of the left and right melodies.
Individual melodies also changed pitch over time, such that they were rising, falling, or zigzagging, illustrated by blue, red, and grey bars in this example, respectively. 
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